Background: Adiposity in childhood is associated with later cardiovascular disease (CVD), but it is unclear whether this relationship is independent of other risk factors experienced in later life, such as smoking and hypertension. Carotid-intima media thickness (cIMT) is a measure of subclinical atherosclerosis that may be used to assess CVD risk in young people. The aim of this study was to examine the relationship between adiposity and cIMT in children and adolescents.
Background
A number of studies have reported positive associations between body mass index (BMI) in childhood and cardiovascular disease (CVD) risk factors, morbidity and mortality in adulthood [1] [2] [3] [4] . However, childhood obesity tracks into adulthood [5] , and where studies have been able to account for obesity in adulthood, the associations between childhood obesity and adult cardiovascular disease have been less convincing [6] . This raises questions about the appropriateness of directing cardiovascular disease prevention efforts towards overweight and obese children [7] . Furthermore, many of the other conventional risk factors for cardiovascular disease, such as smoking, alcohol intake, high serum cholesterol and blood pressure [8, 9] , are more prevalent in overweight individuals than their lean counterparts. These other risk factors could explain the observed association between childhood obesity and future cardiovascular disease.
The standard method of accounting for potential alternative explanations in epidemiological studies (i.e. confounding) is to adjust for them in multiple variable regression models. However, this technique is strongly reliant on the accuracy with which these variables can be assessed. The difficulties of accurate variable measurement (e.g. assigning social position or assessing smoking, alcohol or dietary intake accurately from self-reports, and accounting for varying periods of exposure) make adjusted results prone to bias. An alternative analytical approach is to restrict the analyses to sub-groups that have little or no exposure to these risk factors. For cardiovascular disease, the prevalence of many of the conventional risk factors such as smoking, excessive alcohol intake, hypercholesterolemia, hypertension or diabetes, is negligible in children and low in adolescents [10] [11] [12] , making them an ideal group in which to examine the independent contribution of childhood obesity to future CVD risk. Carotid intima media thickness (cIMT) is a measure of subclinical atherosclerosis that is a surrogate for future cardiovascular disease [13, 14] . A recent systematic review examined the relationship between BMI and cIMT [15] , but reported only mean differences in cIMT by categorical weight status rather than the continuous relationships between measures of adiposity and cIMT, and the review was limited to studies in children aged 5-15 years.
We systematically reviewed the published evidence on the association between measures of adiposity in childhood or adolescence and cIMT. We limited our study to population-based samples, with a view to identifying any thresholds above which the potential effects of adiposity may manifest. We also sought evidence for variations in these associations by age, sex and ethnicity.
Methods
We searched for published English-language studies of the association between measures of adiposity (including BMI, weight status, body fat percentage, waist circumference) and cIMT (reported as continuous or categorical measures) in childhood and adolescence. Medline, Embase, Global Health, and CINAHL Plus electronic databases were searched (1980-November Week 2, 2014) for relevant publications. Ethical approval was not sought for this study as it was a review of published literature already in the public domain; data were analysed as reported in the original publications.
The following search terms were used for Medline and modified for the other databases: Observational studies were eligible for inclusion in the review, while case reports and abstracts were excluded. Studies were included if all of the following criteria were met: (1) they reported on the association between adiposity and cIMT in childhood or adolescence (mean age of population between 2 and 19 years), (2) both adiposity and cIMT were assessed using objective measures, (3) adiposity and cIMT were measured within 24 months of each other, (4) the study was of a community/population-based sample, and (5) sample size ≥100. Studies were excluded if any of the following criteria were met: (1) the study population received an intervention, (2) adiposity was measured in infancy (<2 years), (3) adiposity was assessed based on self-or parent-reported measures, (4) the study population was from an obesity/ specialist clinic or hospital setting, or (5) a participant's inclusion in the study was dependent upon the presence of a secondary comorbidity.
Two independent reviewers (MHP and SDM) screened titles and abstracts for an initial assessment of eligibility. After abstract screening, both reviewers reviewed full text articles to make final decisions on inclusion. Disagreements regarding eligibility were resolved after consultation with a third reviewer (AS).
Data were extracted in duplicate by MHP and SDM using a piloted form. For each study, the following information was recorded: study design, country and dates of study, measures of adiposity and health outcomes used, prevalence of overweight and obesity, characteristics of the study population (sample size, sex, age, ethnicity), cIMT measurement methods, measures of the association between adiposity and cIMT (e.g. regression coefficients, relative risks), and any additional analyses (e.g. adjustment for covariates, stratification by other characteristics). Given the heterogeneity of study populations and measures of effect used, data were synthesised in a narrative fashion.
Results
Of 676 abstracts screened, 22 studies were eligible for inclusion, representing 7,366 children and adolescents ( Fig. 1 ). Thirteen studies were conducted in Europe [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , four in the United States [29] [30] [31] [32] , two in Turkey [33, 34] , and one each in Chile [35] , India [36] and South Korea [37] . With the exception of one French study [26] , all studies were published within the last decade. Participants ranged in age from 4 to 24 years. Among those studies that reported the figure, the proportion of overweight and obese participants ranged from 11.6 % in Germany [16] to 74.0 % in Turkey [33] . The full descriptions of included studies, including methods used to measure cIMT, are presented in Table 1 . The details of studies excluded during the full text review are listed in Additional file 1.
The association between adiposity and cIMT
Nineteen studies reported the relationship between adiposity and cIMT in adolescents or mixed populations of children and adolescents (mean age ≥12 years, n = 5,986). The other three studies were conducted in pre-adolescent populations (mean age <12 years, n = 1,380) [20, 25, 28] .
Studies in mixed age or adolescent populations
Twelve studies of mixed age and adolescent-only samples reported on the correlation between measures of adiposity and cIMT ( Table 2 ). Eight of these (sample sizes ranged from 100 to 1,051) found strong evidence of associations between adiposity measures (BMI, BMI-SDS, body fat percentage, body fat mass, waist circumference, hip circumference, waist to hip ratio) and cIMT, though in one study [16] the association was observed for girls only. After adjusting for other risk factors in multiple linear regression analyses, measures of adiposity remained an independent predictor of cIMT in six out of seven studies: one study found that BMI SDS was a predictor of age-and height-adjusted cIMT SDS [21] ; another reported that after adjusting for ethnicity, systolic blood pressure, HDL-C, LDL-C and total cholesterol/HDL-C ratio, BMI z-score (β = 0.008, p < 0.0001) and waist circumference (β = 0.001, p = 0.0005) were predictive of cIMT in both sexes [31] ; a third study showed that waist to hip ratio remained associated with cIMT after adjusting for age, sex, height, BMI, total cholesterol and blood pressure, but BMI did not [30] ; another found BMI SDS to be associated with cIMT after adjusting for systolic blood pressure SDS (β = 0.14, p < 0.0001) [19] ; in a stepwise multivariable analysis including age, sex, BMI, waist circumference, blood pressure, triglycerides to HDL-C ratio and glucose, waist circumference was found to be a predictor of cIMT (β = 0.001, p < 0.01), but BMI was not [22] ; in the sixth study, after including waist circumference, BMI, body fat mass, trunk fat mass, sex and age in a multivariable model, waist circumference remained associated with cIMT (β = 0.31, p = 0.03), but the other measures of adiposity did not [24] . The seventh study found that after adjustment for total % body fat, blood pressure and age, BMI was no longer predictive of cIMT in either sex [16] .
The four studies that did not find strong evidence of a correlation between adiposity and cIMT (sample sizes ranged from 193 to 319) also assessed a wide range of adiposity measures, including BMI [23, 26, 37] , BMI centile [29] , fat mass [23, 26] , waist circumference [23, 37] , waist to hip ratio [23, 26] and body fat percentage [26] .
Seven additional studies conducted in adolescents examined the relationship between weight category and cIMT values. Five out of these seven studies reported positive associations between weight category and cIMT (Table 3 ). Caserta et al. [18] reported that the prevalence . Four studies reported that mean cIMT was higher in overweight and obese children than in normal weight children (Table 3 ) [27, 33, 34, 36] , with the difference in cIMT between obese and normal weight groups ranging from 0.03 mm [36] to 0.2 mm [27] .
Studies in pre-adolescent populations
Three studies of pre-adolescents (mean age <12 years) did not find evidence of a positive association between cIMT and adiposity [20, 25, 28] . The largest of these was a UK study of school children with a mean age of 10.8 years (n = 939), which reported the absolute difference in cIMT for a 1 standard deviation increase in adiposity measures of ponderal index, fat mass index, and sum of skinfolds [28] ; after adjusting for age, sex, ethnicity, observer, and month, there was no association between cIMT and either ponderal index or fat mass index, but sum of skinfolds was inversely associated with cIMT ( Table 3) . A Spanish study [25] found that in children aged 6-8 years, there was no correlation between cIMT and body fat percentage, BMI z-score, waist circumference, or visceral fat (Table 2) . Similarly, a Dutch study of children aged 5 years showed that there was no association between BMI tertiles and cIMT [20] .
Factors affecting the association between adiposity and cIMT
Four studies presented results from analyses stratified by sex [16, 23, 26, 31] . In univariate analyses, Böhm et al. [16] observed a stronger correlation between cIMT and (Table 2) , though these effects were attenuated to the null in multivariable analyses. In their analysis of a large US sample (n = 599), Mittelman et al. [31] found no difference in the effect of adiposity on cIMT by sex: the correlation coefficients for all reported adiposity measures were similar for males and females ( Table 2) . The other two studies reported negative correlation coefficients in girls and positive coefficients in boys, but none of these effects was statistically significant [23, 26] . None of the studies included in this review reported the relationship between adiposity and cIMT by ethnicity or age.
Discussion
This review has shown there is a growing body of evidence for a positive relationship between adiposity and cIMT in adolescents, but not in younger children. The studies we included did not identify a threshold level of adiposity that led to increased cIMT, and there was little information available on whether the association between adiposity and cIMT varied by characteristics such as ethnicity, age or lifestyle behaviors. Thirteen out of nineteen studies of adolescent populations (mean age ≥12 years) reported positive associations between cIMT and adiposity measures, including measures of weight-for-height (BMI), body composition (fat mass, body fat percentage), and fat distribution (waist and hip circumferences and their ratio). Comparing studies that found an association between adiposity and cIMT with studies that did not, there was no clear pattern according to the measures of adiposity used or study location, but there may have been differences in sample characteristics, notably the prevalence of overweight and obesity. Three of the four studies that did not find evidence of a correlation between adiposity and cIMT were conducted in relatively lean populations in France [23, 26] and South Korea [37] , with prevalence of overweight and obesity <17 %, compared to 30-60 % in the majority of studies that showed a positive correlation between adiposity and cIMT, although positive correlations were also found in samples with low prevalence of overweight [16] and no obese participants [19] . The fourth study examined data from three diverse school populations: a predominantly Hispanic (94 %) and female (78 %) student body, a mixed-ethnicity school, and a conservative religious school (Seventh Day Adventist [SDA]) with a majority of female (72 %) students [29] . Pooling the results from these populations may have masked important differences in risk profiles, as SDA students were significantly leaner than other students and Hispanic students had significantly lower mean cIMT values. Analyses were not stratified by school, therefore the potential impact of ethnicity or lifestyle (Seventh Day Adventists follow a primarily vegetarian diet and abstain from alcohol, tobacco, and caffeinated drinks [38] ) on the effect of adiposity on cIMT could not be assessed.
Of the three studies of younger, pre-adolescent children, a large UK study of children with mean age 10.8 years reported mixed associations between cIMT and three measures of adiposity [28] , while studies in younger Spanish and Dutch children found no strong evidence of an association [20, 25] . These results, when considered together with the other findings of this review, suggest that thickening of the carotid artery with adiposity may only become detectable in later childhood and adolescence. This is consistent with the age-related transition from aortic fatty streaks to atherosclerotic lesions [39] , and could also indicate that exposure to excess adiposity (or some other risk factor associated with overweight) accelerates these age-related arterial changes [40] . Recent evidence suggests that duration, more than degree, of obesity is an important factor in the onset of CVD [41] . It may therefore be the case that a minimum duration of exposure to overweight is needed before atherosclerosis is detectable, and this is unlikely to occur in pre-adolescence. Another possible explanation is that metabolic complications associated with obesity such as insulin resistance, which become manifest with longer exposure to excess weight, may explain changes in cIMT rather than adiposity itself [42] . The physiological processes underlying the observed association in adolescents could not be ascertained from this review, but disentangling the independent and synergistic effects of age, obesity and other risk factors should be a focus of future research.
The studies included in our review reported correlation coefficients that suggest that the association between adiposity and cIMT is linear, though few studies explicitly characterized the nature of the relationship. None of the studies reported a weight threshold for atherosclerosis at the studied levels of BMI; most of the studies were conducted in high income, western populations with relatively high prevalence of childhood overweight, therefore potential threshold effects at high levels of adiposity could have been assessed. A handful of studies conducted in populations with low prevalence of overweight and obesity did not examine threshold effects at low levels of adiposity. Further studies in populations that cover a wider range of BMI may be informative, as would those that describe in greater detail the nature (shape) of the association between adiposity and cIMT in young people. Studies that assess the effect of other risk factors on the relationship between adiposity and cIMT are also lacking; such studies may help to identify subgroups of the population that are at increased risk of arterial changes at any given level of adiposity, who may be targets for cardiovascular disease prevention interventions.
Our review expands on the findings of a recent metaanalysis, which reported that obese children have higher mean cIMT than non-obese children [15] . The metaanalysis included five studies, including two which we excluded because they were conducted in clinic-based populations [43, 44] . Our review included several recent studies that were published since the meta-analysis was conducted, and also included studies covering a wider age range (the meta-analysis included study populations aged 5 to 15 years), which enabled disaggregated assessment of studies conducted in pre-and post-adolescent populations.
One limitation of this review is that the finding of no association between adiposity and cIMT in younger children is based on only three studies. Furthermore, a meta-analysis of results was not conducted due to the heterogeneity of populations and adiposity measures used in the included studies. Additionally, we chose to use cIMT as a proxy for CVD risk in young people, despite the fact that there are few cardiovascular events in this age group. Also, variations in cIMT measurement methods may have affected our results, including the number and location of measurements, and whether measurements were manual or automated.
